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An evalusted compilation of equiliboun elaive humidities o air versus temperaiure [om pure phnse
approtimaiely LO* pascal {1 atm) in pressure is presentel for 28 binary saiuraled aquecus solulions. The relative
humidilies of the salutions mnge fmm about 3 1 98 percent. Using a dala base from 21 scparate investigations
comprising 1106 individual measurements, (s wen: rwade by the methed of hﬂtrﬁ“m 1g regular polbynomial

equations with two through fwor coelfivients. Equatioos and tables are presen

uincertainties in the correlated resulta,

along with the cstimated
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1. introduction

Research, hygrometer calibration, testing and material
canditioning often require the accurate control of humidity in
a working space. The tommon methods of contrulling the
humidity accurately use either a humidity generator [1A) or
the equilibration of a clozed space with a chemical syslem
[1B] which produces the desired equilibrium vapor pressure.

Humidity generalors 1end to be expensive and complex
whereas eguilibration with chemical systems thal provide
fixed poinis ie a relatively inexpensive and simple method of
humidity control. Among the chemical aystems used for this
purpose are aqueous sulphuric acid solutions, glycerine and
waler solutions and single and binary salt solutions. Each
such solution offers a degree of humidity adjusiment that can
be achieved by changing its concentvation, (n the other
hand, special problems are associated with 1he use of solu-
ttons because their cvncenirations must be measured and
controlled. Mol only must the concentration of the solution be
determined initially buot the prezence of any humidity sources
or sinks in the controlled space and even the initial equilibo-
liun process of 1he space can alter the solution concentration.

An vapecially useful method of humidity control by chemi-
cal system involves the use of binary saturated aqueous
solutions (primarily of single zalis) in which the solute is
highly non-volatile.

Al any lempermature, the concentration of a saturated =elu-
tion is fixed and does rot have W be determined. By provid-
ing excess solute, the solulivn will remsin saturated even in
the presence of modest sources or sinks. Where the salule is
a solid in the pure phasge, it is easy to determine that there is
indeed saturation. Due to the ease of its nae, thiz is a papular
melhod of humidity conirol.

Since & given saturated salt solution provides only one
relative humidity (RH) at any desived temperature, a Jifferen
relative humidity must be achieved by selecling another
appropriate salt. Theugh much data on satursted zalt solu-

" Figures i brackeis indicai= the [iermbare refoarences st dhe and of this paper.

tions have been produced and many compilations of the
equilibrium relative humidities of selected saturated sali
splutions 2xist, there are no compilations for which the data
have been critically analyzed and estimaies of the uncetiain-
ties involved given, a step which is abolulely zssential 1o the
implimentaiion of the concept of lixed points.

We have moved lo fill this gap by compiling, {rom the
literature, data on a sufficient vanery of saturaled salt solu-
tinha to cover the entire range of relative humidity al reasona-
bly close intervals. We have wdjusted these data [1-21] 10 be
consislent with lemperatures on [PTS-68 and the moat recent
eqjuations for the vapar pressure of water [22]). We have alsu
analyzed the experimental techniques used in oblaining the
original data and have made eslimales of 1he uncertainlies in
the original data. We have then used these data o calculate
“beat” valyes of velative humjdity in alr as a function of
temperature from pure phase to approximately 1P pascal (1
aim} in prezsure for these saturated solutions.

2. Background

The metheds vsed by investigators to determine the water
vapor in equilibrium with salurated salt sululions are diverse.
A short description of the various methods vsed in the
refurenced papers is of interest.

{1} The direct measurement of the vapor presaure. A cham-
ber containing a salurated sall solution a1 a controlled ter-
Femlurﬂ is first evacualed to remove all gasee. Evaporation

tom the solution is then allowed 10 proceed until the ambient

vapor, essentially all water, has come to equilibrium with the
solution and a direct determination of the iolal pressure
within the chamber is made by convenlional presiure mea-
suremenl lechniques.

{2) Derw point megsurement. The dew point of the gas within
a chamber conlaining a saturated sali solution at controlled
temperature is measured by means of a cooled mirror within
the chamber. Using vapor pressure lables or equalions, this
dew point is converted to the vapor pressure of walter.

{3) Fsoplestic vapor pressare megsurement, The vaper pres-
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sore of 2 sawrated =alt solution in ene cell or chamber is
allowed to come 10 equilibriom with a cell or chamber
conlaining a reference golution at a fixed temperature. The
reference solution must be well charucterized as 1o vapor
pressure 26 a funclion of concentration at the reference
temperatiure. Undee the equilibrium condition, the equilib-
tiem vapor pressure of the saturated aalt solution is identical
to the equilibrium vapor pressure of the reference solulion.
Aler the twe cells have resched equilibrium, the concentra-
tion of the refcrence solulion is determined (usuvally by
weighing) and the vapor pressure is calenlated.

{4} Relative vapor pressure memurement. A chamber con-
laining a saturated salt solwion and a chamber containing
pure waler or other well characienzed solulion are each
evacualed to remove all non-waler vapor gases. The two
chambers are maintained at the same temperature and the
absolute pressure of the saturated sall solution is measured as
in the first method. In addilion the pressure diflerence be-
tween lhe lwo chambers andfor the pressire of the reference
solution is determined. The ratio of the vapor pressure of the
saturated salt solution ta the vapor pressure of the water is the
activity [or relative humidity) of the saturated zalt solution.

{5} Memsuremen: with a calibrated humidity sensor. A
chamber containing a saturaled sall solulion and a humidity
sensor ave broyght Lo equilibriom at a controlled lemperature.
{ alibration of the sensor before orfand afier the measurement
provides the means of determining the equilibrium vapor
pTEssuTE.

(6) Cravimerric determination. Dry gas js passed through
the hinary saluraled solution at a fived temperature. The
water vapor in the effluent gas iz absorbed by a desiccant and
measured by weighing. The volume of the gas is alse deler
mined. From theae the vapor pressure or the mixing ratin can
be determined.

As one would imagine, the errors associaled with these
methods differ as to sauree and magnitude. The errors in 2oy
of the methods are also functions of the level of wapor
pressure being measured as well us the lemperature of Lhe
salprated sall sulutipn. There 18, therefore, probably no one
method that gives a best measurement under all conditions.

3. Method

We have acoummlated experimental data from various
researchers [1-21] and caleulated “best™ values of relalive
humidity and the associated uncertainties of those values.
Typical melhods of calculaling or mcalculating the relative
humidity and assoriated uncertainties for the various investi-
gations are given in Lthe Appendix. Our daiz base consists of
21 invesligations and includes some of the mosl cited work in
the fizld. In total, 1106 individual calculations of relative
humidities and associated uncertuinties were made which
involved 89 saturated solutions. Not all data nor all salueated
solutions in Lhis study were found saiisfactory for use.

The original data were corrected to be consistent with
temperature on IPTS-68, with the most recent formulation lor
the vapar pressure of water [22] and with the most recent
equalions for the enhancement of waler vapor in air [23]. The
computed relative humidity dala were then collaled and fitted
by the method of leasi squares to regular polynomials s o
function of Lemperature in degrees Celsiug ([PTS-68} [n the
filling process, each datum was weighted inversely propor-
tional 1o the estimated uneertainty of the datum. The order of
the polynomial uged in the fit was determined by an F-tesi or

by analysis of the result of fita to various orders. An arbitrary
decision was made not to use any order higher than 3. Alsa,
no daia at temperatures below 0 °C or above 104 °C were used
in the fits,

in the fitting process, the standard deviation of the pre-
dicted value was computed for each datum. These standerd
deviations were themeelves fitted to a quadratic equation, as
a function of temperaiure, by the methed of leasl aquares. A1
any desired lemperature for a given saturated salt solution,
the standard deviativn of the predicted value was calculated
using the appropriate quadratic eguation. Three tirmes this
value was then assigned as 1he estimaled uneerainty for the
comresponding value of relative humidity, with certain excep-
tiane discussed below. This is the value which appears in
table 2,

Where a number of investigationa of the same sclulion
exisled and the relative humidity ve 1emperature resulis of
ane: investigalion were completely inconsistent with the re-
sults of the other investigations, the data of the deviam
investigation were eliminated and & new (it made.

The data used in this paper mel one of the Tollowing
criteria: (1) a large number of inveatigalions were included
ard exhibited & small residual standard deviation of the
relative humidity vs temperature fits; (2) allhough few inves-
tigations were included, the melthod of measurement was
judged 10 be superior and estimates of Lhe uncertainties of the
original measurementa themselves were amall; and (3) the
data were in a relative humidily range which was not approxi-
mated by any of the other binary salyrated solulions.

4, Results

Table 1 contains cocficients for the data of the selected
salts fitled to an equation of the fome

]
RH = 2 A4

[
whetz RH 15 in percent and ¢ iz in °C (IPT5-68). The salis are
listed in ascending order of RE at 25 °C. Also included in
table 1 is the residual standard deviation of the fil, the renge
of temperature over which the fit was performed and refer-
ences for the fundamental data that were involved in that
prarticular fil,

Table 2 gives the calculated relative humidities for each of
the binary satutated salulions at 5-degree inlervals along with
the estimated uncertainties in relative humidity at each of the
lernperulures. The saturated sall sclutions are presented in
the same order &s in table 1.

5. Discussion

Alhough the methid wsed for ftting the data gave no
problema, the assignment of weights to each datum required
some judgment. Three methods of weighting were considerad:
(1) wrights were assigned inversely proporlional to the vari-
ance af the individual datum where Lhe varianee was laken as
the aquare of the tolal uncertainty; [2) weights were assigned
inversely proportional 1o the estimated iotal uncertainly of the
individual datum; and {3) weighls of unily were assigned (o
all data.

All of the data were fitted three limes, once for cach 1vpe of
weighting, The resulls were assernbled inta Lhree tables of
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relntive humidity at S-degree intervels, Each caleulaled
vaiue of relative {mmidit:.r was assigned an uncerlainly £yoal
to theee times the standard deviation of the predicled value.
As might be expected, the calculated telative humidities and
the corresponding uncerizinties diffeved lor cach of the three
weightings. For \he salwrated solutions chosen for presenta-
tion in this paper, it was noled with some satisfaction that all
relative humidities calculated from the three differently
weighted fits agreed with each other to within the assigned
unceriginty for each.

A weighting inversely prupottional o the square of the
estimated lolal uncertainty for each datum was judged 1o be
inappropriate. Although it is common lo assign weights pro-
portienal to the inverse of sigma squared such an approach is
usually based on a sigma which is statistically determined,
This is not the case here. The method used to oblain the
estimated lotal nneertainty is given in the Appendix. It was
feli that the nze of the square of 1he estimated uneertainty
would have placed an unacceplably high value on the au-
thor's eslimale of the errors contributing 10 the total uncer-
Lainly. Some investigators did not provide sufficient informa-
lion in their publications to make possible complelely objec-
tive estimates of their errors. In those cases, the estimated
total uncertainty included components based on the author's
subjective judgments,

A weighting of unity was likewisc unsatisfactory since il
would in ne way take inlo account the innale difference in
uncertainty due 1o method, temperature and relative humidity
range, nor would il place any reliance on the autho's judg-
ment of the guality of the research. A weighting proporiisnal
10 the inverse of the estimaled uncertainty appeared 10 be a
reasonable compromise between the other extremes and all
dala presented in this publication were processed using that
weighting method.

Where the data for a patlicular saluesied salt sclution
ineluded a number of investigalions, three times the standard
deviations of the cumputed values were accepted as the
estimated uneeriainty. Where the data were based only on
onhe or two investigations il is evident that sell econsistent
data, though quite inaccurale, could give small eslimated
standard deviations of the computed valoes. 1t is also evident
that such standard deviations are not a valid estimate of
uncertaintly. Under those circumstances where the results
from fitting the polynomial equation 1o the original daia for
any saturaled salt solulion gave values for three times the
standard devigtion of the predicted value that were less than
the estimated total uncenainty of the original data, il was the
eslimated tatal unceriainly of the otiginal data which was
uzed as the final estimate of wncenainty for the calcuiated
“best” value of relative humidity,

The data presented in table 2 are given at 5°C intervals
ovet Lhe lemperature range of the original dal: with extrapo-
lations beyond these ranges never exceeding 2.5°%C. All
calcolared values of relotive humidity are given 1o (.01
percent relative humidily. This does nol in any way imply &n
accuracy of 0.01 percent. The designated estimated uncer-
tainties =till give the best prediction of sceuracy. [t was felt
thal 1o Fail to give the relative humidities 10 .01 percent would
e discarding infermation, imprecize as it might be. Since the
estimated uncertainties are given, we sae no problem with
presenting the values of relative humidity with figures far
beyond their estimated uncedainties.

The unceriaimies presented da not inglude uncertainties in
the vapor pressure equation [22] or enhancement equalions
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[23] wsed. The results presented arve therefore for the exact
values of references [22] and [23). The enhancement facilor
for a saturated salt solution in zir i3 not known precisely.
Analysis of the factors involved indicale Lhat at one ateogs-
phere pressure or less, the difference between the enhance-
ment factir over a saturated sali solution and over pure waler
is negligible. That is not 1he case at high pressures. The dala
prezenied are therefore considered valid near or below one
atmozphere tolal pressure.  saluration vapor pressurce: values
ather than those given by Wexler [22] are used, the relative
humidities shuu]tf be multiplied by the ratic of these aatura-
tlion vapor pressures lo those of Wexler.

Many compilations of non-critically evaluated data an the
equilibrium humidity of saturated salt solutions exist [24-
34]. Table 3 is a comparizson of values from this work and
corresponding values taken from five of thease other compila-
fions at four temperatures. O the lisled compilations, unly
this work (column a) and Hickmaun's work {column J) give the
sources of the data. Hickman's values {in column d) were
directly copied from his cited references withoul modifica-
fion. Mone of the compilalions other than ours {column a)
gives eslimales of uncerlainly, Therelore, one would logically
conclude that the authors of thoae compilations consider their
values 1o be uncertain only in the last figure presented. It i2
also likely that some of the values in one compilation came
from the same sources as the values in olker compilations —
such & relationship appeurs to exist belween column b and
caluran d.

If we aseume an uncenainly of 1f2 of the laat digil in the
values given in these olher compilations, and if we add thal
uncertainly to the estimated uncenainty for the corresponding
values in column a, we find that the values in column a (the
veults of this work) apree with the values in at least one of the
other compilations 1o within this composite uncerizinty at all
poinis, except for:

Polassium carbonate at 140 °(

Sodium bromide at 20 °C

Ammoniom chloride at 30 %C

Potazsium bromide at 10°C, 20°C, and 30 °C
Potassium chlonde at 19 °C, and 20°C

kit should be noted that this comparison of compilations is
over a limited temperature range and for only 17 of the 25 salt
solutions evaluated and collated in this paper.

&, Appendix

In all cases, the most fundamental measurements pre-
sented were used to calculate \he aclual relative humdily
oblained by cach investigator for each dalum. No aitempl was
mexte to evaluate purity of water or selute or its effect in any
investigalion.

As a firsl step, 3l temperatures were converted from the
temperature scale in which the dala wers presenled into
| temperature eguivalents. Where the temperature
srales were not given, a judgment was made as to the moal
likely temperalure acale used, based on the dale of the
rezearch.

Likewise, where vapor pressures based on vapor pressure
equations or tables were given, these were converted to new

vapor pressires based on the Wexler lormulation. In the case
of reported relative humidities based on dew-point measure-
ments, the dew-point lemperalure was reconstructed from a
knowledge of 1he vapor pressure equalion used. From the
reported contral temperaliyre and the reconstegeled dew-point
temparature a new relative humidily was caleulated wsing the
Wexler and Greenspan equations for vapor pressures and
enhancemenis factors, respectively.

Where the isopiestic method was used with sulfutic acid as
the izopiestic solution, the values of Shankman [39] for
sulfuric acid activity were used 1o determine the relative
humidity of the saturated =alt solution. This was done {1} for
consistency, because many of lhe researchers had done like-
wise; (2] because Shankman described his experimermtal work
in sulflicient detail 10 enable uslo judge its quality and 10
ealimale the uncertainly in hiz work; and (3} his values
appeared 1o be the mosl accurile available.

In delermining estimatles of total uncettgimy for each
datum, the uncertainty was taken as the aquare rvoot of the
gsums of individual uncertainties (in terms of relative homid-
ity} squared as deseribed by Ku [44]. [ndividual uncertainties
involved n the individual measurements were obiained from
the invesligalors' own eslimales whers these seemed reasona-
ble. Where the investigator did nol present a reasonahle
eztimate of uncertainty for a particular parameter, this author
made his own estimate of the uncertainiy of that parameter
based on his judgment of lhe investigator's work and his
estimate of the state of the ar at the time of the investigation.
The relative humidity uncertainty associated with each of the
parameter unceriainties was obtained by calculating the rela-
tive humidily with and wilhout the uncerlainty added to the
related parumeter, Lhe difference being the relative humidity
uncertainty for that pariicular parameter.

In some cases the individual parameier uncertainties are
not independent in lheir effect on the relalive humidity
uncerlainly, A case in point is Lhe relative vapor pressure
measyrement method. In this technigue, the individgal tem-
perature and pressure weasurement unceriginlies arve of no
great consequence, it is Lhe estimates of the temperaiure
difference and the pressure difference in lhe rwo pressure
measuretnenls that are significant. [n addition, an eslimale of
the degree of equilibrium achieved is of significance. In these
types of situations, sstimates of the differences were uzed in
lien of estimates of the individual measurements.

[n the case of the relative humidity sensor calibration
technique, an estimate of the calibration uncertainty as well
as lemperalure uncertainty were used. In the isopiestic
techngiue, the relevant uncertainties are the temperature
diffetence, 1he concentration delecmination, the uncertainty
iln equilibriutm and the uncertainty in the reference solution

ata.

Composite uncertainties for each dalum based on the
square root of the sum of the individual parameter uncertain-
ties squared were thus abtained.

As stated carlier, these estimates of uncenainties are 1he
result of subjective judgments aa well az objective eatimates.
For the great prependerance of data presented in this paper,
these judgments have 4 minor effect on Lhe relalive humidity
values a8 well as the lotal wncartainty, as was shown by the
emall difference abtained for the three different methods of

weighting.
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